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SUMMARY 

The thrust- induced e f f e c t s  on t h e  l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  of a 
vectored-engine-over-wing model w e r e  i n v e s t i g a t e d .  The i n v e s t i g a t i o n  w a s  conducted 
i n  t h e  Langley 4- by 7-Meter Tunnel a t  Mach numbers of 0.14 t o  0.17 over an angle-of- 
a t t a c k  range from -2O to  26O. The o v e r a l l  t h r u s t  c o e f f i c i e n t  w a s  var ied  from 0 ( j e t  
o f f )  t o  2.0. The major model v a r i a b l e s  w e r e  t h e  spanwise-blowing nozzle  sweep a n g l e  
and t h e  main nozzle  vector angle  a long wi th  t r a i l i n g - e d g e  f l a p  d e f l e c t i o n s .  

The r e s u l t s  of t h e  i n v e s t i g a t i o n  i n d i c a t e  t h a t  t h e  thrust- induced e f f e c t s  from 
t h e  main nozzle  a lone  w e r e  n o t  as l a r g e  as those with t h e  spanwise nozzles and w e r e  
mainly due to  boundary-layer c o n t r o l  a f f e c t i n g  a s m a l l  area a f t  of t h e  nozzle.  When 
the spanwise nozzles  w e r e  inc luded ,  t h e  induced e f f e c t s  w e r e  l a r g e r  (more so f o r  t h e  
spanwise blowing sweep angle  of 40° than f o r  60') and w e r e  due t o  both boundary-layer 
c o n t r o l  and induced c i r c u l a t i o n  l i f t .  The leading-edge vor tex  e f f e c t  w a s  g e n e r a l l y  
n o t  e v i d e n t  f o r  e i t h e r  spanwise blowing sweep angle .  

INTRODUCTION 

I n  t h e  o p e r a t i o n  of t h e  next  genera t ion  of f i g h t e r  a i r c r a f t ,  one of t he  major 
areas of emphasis i s  t h e  s h o r t  take-off and landing (STOL) performance. The STOL 
performance is needed so t h a t  f i g h t e r  a i r c r a f t  can o p e r a t e  from bomb-damaged runways 
( u s a b l e  runway l e n g t h  of about  1500 f t ) .  To m e e t  t h i s  STOL requirement,  t h e  use of 
improved h i g h - l i f t  systems and t h r u s t  e f f e c t s  w i l l  be needed. These t h r u s t  e f f e c t s  
are d iv ided  i n t o  t w o  c a t e g o r i e s :  d i r e c t  e f f e c t s  and induced e f f e c t s .  The d i r e c t  
e f f e c t s  c o n s i s t  of d e f l e c t i n g  ( o r  v e c t o r i n g )  t h e  t h r u s t  i n  t h e  l i f t  d i r e c t i o n .  The 
induced e f f e c t s  are brought  about  by t h e  presence of t h e  j e t  exhaust  inducing flows 
t h a t  would n o t  be p r e s e n t  wi thout  t h e  j e t  and inc lude  boundary-layer c o n t r o l  ( B L C ) ,  
induced c i r c u l a t i o n ,  and leading-edge v o r t i c e s .  

The vectored-engine-over-wing (VEO-wing) c o n f i g u r a t i o n  uses  both d i r e c t  and 
induced t h r u s t  e f f e c t s  to  achieve i t s  STOL performance. (See r e f .  1 . )  The VEO-wing 
c o n f i g u r a t i o n  (as  descr ibed  i n  r e f s .  2 to  7 )  uses engines  mounted over t h e  wing t o  
b l o w  exhaus t  gases  over  t h e  t r a i l i n g - e d g e  f l a p  ( s i m i l a r  t o  upper-surface-blowing 
t r a n s p o r t s )  and part  of t h e  exhaust  i s  d i v e r t e d  f o r  spanwise blowing over t h e  wing 
upper s u r f a c e .  These propuls ion  methods are intended t o  produce i n c r e a s e s  i n  l i f t  
through a d d i t i o n a l  induced c i r c u l a t i o n  by a j e t - f l a p  e f f e c t  and through leading-edge 
vor tex  flows produced by spanwise blowing f o r  bet ter  low-speed (STOL) opera t ions .  
(See r e f s .  8 t o  12.) 

S e v e r a l  low-speed tests have been conducted on t h e  VEO-wing f i g h t e r -  
c o n f i g u r a t i o n  model. (See r e f s .  2 to  7 . )  However, i n  t h e s e  tests, t h e  t h r u s t -  
induced e f f e c t s  w e r e  n o t  f u l l y  addressed.  This  l a s t  t e s t  w a s  conducted i n  t h e  
Langley 4- by 7 - ~ e t e r  Tunnel t o  i n v e s t i g a t e  t h e s e  thrust- induced e f f e c t s  i n  d e t a i l .  
The c o n f i g u r a t i o n  w a s  tested a t  Mach numbers ranging from 0.14 t o  0.17 and over  an 
angle-of-at tack range from -2O t o  26O. The wing t r a i l i n g  edge w a s  d e f l e c t e d  from 0' 
t o  3 0 ° .  The o v e r a l l  t h r u s t  c o e f f i c i e n t s ,  spanwise-blowing nozzle  and main nozzle  
combined, w e r e  v a r i e d  from 0 ( j e t  o f f )  t o  2.0. 



MOD EL DESCRIPTION 

The model used i n  t h i s  i n v e s t i g a t i o n  w a s  a 0.108-scale powered- l i f t  model of a 
f i g h t e r - t y p e  canard-wing c o n f i g u r a t i o n  with podded n a c e l l e s  over t he  wing, as shown 
i n  f i g u r e s  1 and 2.  The model geometric c h a r a c t e r i s t i c s  are given i n  table I. The 
leading-edge sweep of the wing w a s  40° and of t he  canard w a s  55O. The wing had an 
inboard and an outboard t r a i l i n g - e d g e  f l a p .  The inboard t r a i l i n g - e d g e  f l a p  w a s  
l o c a t e d  behind t h e  engine nozzle.  The i n l e t  of the n a c e l l e  w a s  f a i r e d  over; i n l e t  
f low could n o t  be s imula ted  s i n c e  t h e  i n t e r i o r  volume of t h e  n a c e l l e  w a s  needed t o  
house t h e  propuls ion  s imula t ion  system. 

The model w a s  supported by an a i r  s t i n g  through which h igh-pressure  a i r  w a s  
supp l i ed  from an e x t e r n a l  source .  The a i r  l i n e  through t h e  s t i n g  w a s  designed t o  
minimize any t r a n s f e r  of mechanical f o r c e s  from t h e  a i r  supply  t o  the  model ba lance .  
The h igh-pressure  a i r  passed from t h e  a i r  l i n e  t o  the  model plenum and through each 
n a c e l l e ,  where s e p a r a t e  c o n t r o l  va lves  w e r e  used t o  ba lance  the flow between t h e  l e f t  
and r i g h t  nozz les .  Each n a c e l l e  had a p a i r  of nozz le s ,  a chordwise main nozz le  and a 
spanwise-blowing nozzle as shown i n  f i g u r e  3 .  The main nozz les  w e r e  two-dimensional 
convergent-divergent h a l f  wedge nozz les .  The half-wedge, o r  lower ramp, s u r f a c e  w a s  
used t o  h e l p  t u r n  the  exhaus t  f low over t h e  t r a i l i n g - e d g e  f l a p  system. (See f i g s .  3 
and 4 . )  The ramp w a s  i n t e rchangeab le  t o  a l low inc reased  nozz le  tu rn ing  ang le s  when 
h igh  f l a p  d e f l e c t i o n s  w e r e  used and t o  main ta in  c o n s t a n t  t o t a l  nozzle area (main and 
spanwise) when t h e  spanwise nozz les  were used. The spanwise-blowing nozz les  w e r e  
louvered f l u s h  nozz les  which allowed f o r  two spanwise-blowing nozzle sweep ang le s  of 
40° and 60°, as shown i n  f i g u r e  5. The fo l lowing  s i x  c o n f i g u r a t i o n s  w e r e  t e s t e d  i n  
t h i s  i n v e s t i g a t i o n .  ( A  l is t  of symbols and a b b r e v i a t i o n s  used i n  t h i s  paper appears 
a f t e r  t he  r e f e r e n c e s  : 

Nozzles 

Main 
Main 
Main 

Main and spanwise ( A  = 40') 
Main and spanwise ( A s  = 40°) 
Main and spanwise (h = 60°) 

~ 

S 

S 

MODEL INSTRUMENTATION 

S ince  t h e  i n t e n t  of t h i s  i n v e s t i g a t i o n  w a s  t o  examine thrus t - induced  e f f e c t s  
r a t h e r  than nozzle performance, only minimal nozzle p r e s s u r e  in s t rumen ta t ion  w a s  
used. These p r e s s u r e s  w e r e  used t o  determine nozzle t o t a l  p r e s s u r e  f o r  c a l c u l a t i n g  
nozz le  t h r u s t  l e v e l s .  To determine t h e  mass-flow rate of t he  high-pressure a i r  t o  
t h e  model, a v e n t u r i  flowmeter w a s  mounted a t  t h e  a i r  supply  s t a t i o n ,  o u t s i d e  t h e  
t e s t  s e c t i o n .  The f o r c e s  and moments w e r e  measured with a six-component s t r a in -gage  
ba lance  mounted i n t e r n a l  t o  t h e  model. The angle  of a t t a c k  of the model w a s  measured 
wi th  an acce lerometer  a l s o  mounted i n t e r n a l  t o  the  model. 

G 
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-OW VISUALIZATION 

To observe t h e  t h r u s t  e f f e c t s  c r e a t e d  by t h e  main and spanwise nozz les ,  f l u o r e s -  
c e n t  m i n i t u f t s  w e r e  i n s t a l l e d  on t h e  l e f t  h a l f  of t he  VEO-wing model, as shown i n  
f i g u r e  6 .  The m i n i t u f t s  w e r e  very t h i n  monofilament nylon with d iameters  of 
0.0019 i n .  and 0.0038 i n .  The l a r g e r  f i l amen t  w a s  used near  the e x i t s  of t h e  main 
and spanwise nozz les ,  where high-pressure,  h igh-ve loc i ty  a i r  tended to  des t roy  t h e  
smaller f i l amen t s .  The l e f t  s i d e  of t he  model w a s  pa in t ed  b lack  t o  reduce the  
r e f l e c t i o n  and g l a r e  c r e a t e d  by t h e  h i g h - i n t e n s i t y  s t r o b e  lamps. An u l t r a v i o l e t -  
t r ansmiss ion  g l a s s  f i l t e r  w a s  i n s t a l l e d  over  each of t h e  fou r  h igh - in t ens i ty  s t r o b e  
lamps i n  o r d e r  to  f l u o r e s c e  the  m i n i t u f t s .  The m i n i t u f t s  w e r e  a t t ached  t o  the  model 
s u r f a c e  wi th  cyanoac ry la t e  adhes ive ,  as d e t a i l e d  i n  r e fe rence  13.  Photographs of t he  
m i n i t u f t s  w e r e  ob ta ined  wi th  a 70-mm camera wi th  high-speed f i l m  (ASA 400) .  

STATIC CALIBRATION AND DATA REDUCTION 

S ince  these  nozz les  had been c a l i b r a t e d  ex tens ive ly  i n  p r i o r  tests (see r e f s .  2 
t o  7 ) ,  a very l i m i t e d  s ta t ic  c a l i b r a t i o n  w a s  performed on each nozzle  conf igu ra t ion  
be fo re  t h i s  i n v e s t i g a t i o n .  This c a l i b r a t i o n  w a s  made t o  v e r i f y  t h a t  the  nozzle  per- 
formance w a s  t he  same as t h a t  ob ta ined  i n  the  previous c a l i b r a t i o n s .  

The s t a t i c  c h a r a c t e r i s t i c s  of the  nozzle  t h r u s t  f o r c e  T, g ross  t h r u s t  c o e f f i -  
c i e n t  CT, and j e t  d e f l e c t i o n  angle  8 w e r e  determined f o r  each conf igu ra t ion  as 
fo l lows:  j 

2 
A 

-1  e .  = - t an  ( F  / F ~ )  
7 N 

( 1 )  

( 3 )  

A l s o ,  the  t o t a l  nozzle  p re s su re  r a t i o  NPR w a s  determined by using the  fol lowing 
equat ion  : 

The main nozz le  t o t a l  p r e s s u r e  p t , t  w a s  measured w i t h  t o t a l - p r e s s u r e  probes j u s t  
upstream of the  nozzle  t h r o a t ,  and the  spanwise nozzle  t o t a l  p re s su re  
obta ined  by us ing  t h e  s t a t i c  t e s t  r e s u l t s  of r e fe rence  7 and the  main nozzle  t o t a l  
p r e s s u r e  of t h i s  test. Sample p l o t s  of t hese  r e s u l t s  are presented  i n  f i g u r e  7 ( a )  
f o r  the  main nozz le  a lone  (no spanwise blowing) with a Flap d e f l e c t i o n  of I S o  and i n  
f i g u r e  7 ( b )  f o r  t h e  main and spanwise nozzles  with a f l a p  d e f l e c t i o n  of 30°. 

pt ,s  w a s  

For t h e  wind-on test ,  the  d a t a  w e r e  co r rec t ed  f o r  base p re s su re ,  a i r  l i n e  and 
balance i n t e r a c t i o n ,  and p res su r i zed  a i r  s t i n g .  To examine the  thrust- induced 
e f f e c t s  on t h e  VEO-wing conf igu ra t ion ,  the  gross  t h r u s t  c o e f f i c i e n t  from t h e  s t a t i c  
i n v e s t i g a t i o n  w a s  r e l a t e d  t o  wind-on cond i t ions  by equat ion  ( 2 )  because no s e p a r a t e  
measurement of t h e  t h r u s t  could be obta ined  dur ing  wind tunnel  runs.  The balance i n  
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t h e  model measured t o t a l  f o r c e s  and moments (aerodynamic and p r o p u l s i o n ) .  The d i r e c t  
t h r u s t  components w e r e  removed from t h e  aerodynamic d a t a  as follows: 

- c s i n ( a  + e . )  ( 5 )  
T 3 

= CL 
'L , TR 

= c + c c o s ( a  + 8 . )  
'D,TR D T 3 

TEST CONDITIONS 

This  i n v e s t i g a t i o n  w a s  performed i n  t h e  Langley 4- by 7-Meter Tunnel over a n  
angle-of -a t tack  range from -2O to  26O wi thou t  s i d e s l i p  o r  r o l l  angles .  D a t a  w e r e  
ob ta ined  a t  dynamic pressures 
v a r i e d  t o  g ive  a CT 

q of 30 l b f / f t 2  and 40 l b f / f t 2 ,  and t h e  t h r u s t  w a s  
range from 0 ( j e t  o f f )  to  2.0 as fo l lows:  

T, l b f  
~ 

0 
14.0 
28 .O 
42 .O 
56 .O 
70 .O 

105 .O 
126.0 
21 0 .o 
21 0 .o 

( 6 )  

- 
A t  
t h e  corresponding Mach number w a s  0.17; a t  
1 .04 x lo6 ,  and t h e  Mach number w a s  0.14. 

q = 40 l b f / f t 2 ,  t h e  Reynolds number per f o o t ,  based on c ,  w a s  1.1 7 x lo6 ,  and 
q = 30 l b f / f t 2 ,  t h e  Reynolds number w a s  

PRESENTATION OF RESULTS 

The r e s u l t s  of t h i s  i n v e s t i g a t i o n  are presented  i n  t h e  fo l lowing  f i g u r e s :  

F igure  
Powered ( t o t a l )  l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  

a t  various t h r u s t  c o e f f i c i e n t s  : 
Main nozzle alone wi th  6f = 0' ............................................. 8 
Main nozzle alone with 6 = 1 5 O  ............................................ 9 
Main nozzle a lone  with 6f  = 30° ............................................ 10 
Main and 4O0-sweep spanwise-blowing nozz les  with 6 = O o  ................... 11 

Main and 6O0-sweep spanwise-blowing nozz les  wi th  6 ;  = 30° .................. 13  

f 

f Main and 4O0-sweep spanwise-blowing nozzles wi th  6 = 30' .................. 1 2  
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Figure  
Thrust-removed l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  

a t  v a r i o u s  t h r u s t  c o e f f i c i e n t s :  
Main nozzle  a lone  with 6 = Oo ............................................. 14 
Main nozzle  a lone  with 6 = 15O ............................................ 15 
Main nozzle  a lone  wi th  6 = 30° ............................................ 16 
Main and 4O0-sweep spanwise-blowing nozzles  with 6 = Oo ................... 17 
Main and 4O0-sweep spanwise-blowing nozzles  wi th  6 = 30° .................. 18  
Main and 6O0-sweep spanwise-blowing nozzles  with 6 = 30° .................. 19 

f 
f 
f 

f 
f 
f 

Components of powered l i f t  a t  a c o n s t a n t  angle  of a t t a c k  ....................... 20 

Components of thrust- induced l i f t  f o r  a > Oo .................................. 21 

Thrust-induced l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  
a t  v a r i o u s  angles  of a t t a c k :  
Main nozzle  a lone  wi th  6 = Oo ............................................. 22 
Main nozzle  a lone  wi th  6 = 15O ............................................ 23 
Main nozzle  a lone  wi th  6 = 30° ............................................ 24 

Main and 40O-sweep spanwise-blowing nozzles  wi th  6 = 30' .................. 26 
Main and 6O0-sweep spanwise-blowing nozzles  with 6 = 30°  .................. 27 

f 
f 
f 

Main and 40O-sweep spanwise-blowing nozzles  with 6 = Oo ................... 25 f 
f 
f 

M i n i t u f t  f low v i s u a l i z a t i o n  of VEO-wing c o n f i g u r a t i o n :  
Main nozzle  a lone  with 6 = 0' and a = 16O ............................... 25 
Main nozzle  a lone  wi th  6 = 30° and a = 16' .............................. 29 

wi th  6 = Oo and a = 16O ............................................... 30 

wi th  6 = 30°  and a = 16O .............................................. 31 

wi th  6 = 30°  and a = 16O .............................................. 32 

f 
f Main and 4O0-sweep spanwise-blowing nozzles  

Main and g O o - s w e e p  spanwise-blowing nozzles  

Main and EOO-sweep spanwise-blowing nozzles  

f 

E f f e c t s  of nozzle  exhaus t  on VEO-wing c o n f i g u r a t i o n  ............................ 33 

D I S C U S S I O N  

T o t a l  Longi tudina l  Aerodynamic C h a r a c t e r i s t i c s  

The t o t a l  l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  f o r  t h e  s i x  VEO-wing config-  
u r a t i o n s  are presented  i n  f i g u r e s  8 t o  13. Included i n  the to t a l  l o n g i t u d i n a l  d a t a  
are t h e  direct  j e t  e f f e c t s  and t h e  thrust- induced e f f e c t s .  F igures  8 t o  10 p r e s e n t  
t h e  r e s u l t s  f o r  t h e  main nozz le  a lone  exhaus t ing  over d i f f e r e n t  t r a i l i n g - e d g e  f l a p  
d e f l e c t i o n s .  The r e s u l t s  i n d i c a t e  t h e  expected i n c r e a s e s  i n  l i f t  and nose-down 
p i t c h i n g  moment as e i t h e r  t h r u s t  c o e f f i c i e n t  o r  f l a p  d e f l e c t i o n  i n c r e a s e s .  I n  addi- 
t i o n ,  as 
or t h r u s t  d i r e c t i o n ,  i n  p r o p o r t i o n  to  t h e  t h r u s t  c o e f f i c i e n t .  CT i n c r e a s e s ,  t h e  drag  polar s h i f t s  towards t h e  nega t ive  drag  c o e f f i c i e n t ,  

The r e su l t s  f o r  t h e  main and 4O0-sweep spanwise-blowing nozz les  are presented i n  
f i g u r e  11 for an undef lec ted  t r a i l i n g  edge and i n  f i g u r e  1 2  for a 30° t r a i l i n g - e d g e  
f lap  d e f l e c t i o n .  F i g u r e  13 p r e s e n t s  t h e  r e s u l t s  of t h e  main and 6 O 0 - s w e e p  spanwise- 
blowing nozz les  with a 30° t r a i l i n g - e d g e  f lap  d e f l e c t i o n .  The r e s u l t s  f o r  the three 
spanwise-blowing nozz le  c o n f i g u r a t i o n s  i n d i c a t e  i n c r e a s e s  i n  l i f t  and nose-down 
p i t c h i n g  moment and s h i f t s  toward n e g a t i v e  drag  coeff ic ients  i n  the drag  polar as 
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CT i n c r e a s e s .  The three spanwise c o n f i g u r a t i o n s  r e s u l t e d  i n  l i t t l e  change i n  nose- 
down p i t c h i n g  moment, b u t  r e s u l t e d  i n  g r e a t e r  i n c r e a s e s  i n  l i f t  and greater improve- 
ment of the  d rag  p o l a r s  than  t h e  main-nozzle-alone conf igu ra t ion .  The i n c r e a s e s  and 
improvements are due t o  t h e  spanwise-blowing nozzle a f f e c t i n g  more of t h e  wing than  
t h e  main nozzle a lone ,  and this is  f u r t h e r  d i scussed  subsequent ly .  

Thrust-Removed Longi tudina l  Aerodynamic C h a r a c t e r i s t i c s  

F igures  14  t o  19 are t h e  d a t a  from f i g u r e s  8 t o  13 wi th  the d i r e c t  t h r u s t  com- 
ponent removed. The r e s u l t s  of t he  main-nozzle-alone c o n f i g u r a t i o n s  are presented  i n  
f i g u r e s  14 t o  16. For a l l  t h r e e  c o n f i g u r a t i o n s  (6 = Oo, 15O, and 3 0 ° ) ,  t h e  l i f t  
i n c r e a s e s  throughout t h e  angle-of -a t tack  range and l i f t - d r a g  polars improve above 
o! l o o  as t h r u s t  c o e f f i c i e n t  i n c r e a s e s .  The i n c r e a s e  i n  the  l i f t  is due t o  t h e  
thrus t - induced  e f f e c t s ,  which are d i scussed  subsequent ly .  The pitching-moment curve 
does no t  change s i g n i f i c a n t l y  as t h r u s t  c o e f f i c i e n t  i n c r e a s e s .  

f 

The thrust-removed r e s u l t s  f o r  main and 4O0-sweep spanwise-blowing nozz les  wi th  
6 = Oo and 30° are presented  i n  f i g u r e s  17 and 18, and r e s u l t s  f o r  main and 60°- 
s w e e p  spanwise-blowing nozz les  wi th  6 = 30° are p resen ted  i n  f i g u r e  19. The 
r e s u l t s  i n d i c a t e  l a r g e r  l i f t  i n c r e a s e s  and l i f t - d r a g  polar improvements than  f o r  t h e  
main-nozzle-alone c o n f i g u r a t i o n  as C i n c r e a s e s .  This  may be because of t h e  span- 
w i s e  j e t  a f f e c t i n g  the wing i n  severa? ways: ( 1 )  a cambering of the wing upper sur -  
f a c e ,  i n  which t h e  f r e e  stream flows over t h e  spanwise j e t  r a t h e r  than  t h e  a c t u a l  
wing su r face ;  ( 2 )  a j e t - f l a p  e f f e c t ,  which occurs  when t h e  f r e e  stream t u r n s  t h e  
spanwise j e t  which then  flows over t h e  t r a i l i n g - e d g e  f l a p s ,  c r e a t i n g  a d d i t i o n a l  
c i r c u l a t i o n ;  ( 3 )  the spanwise j e t  r e a t t a c h i n g  some of the s e p a r a t e d  flow on t h e  wing 
and f l a p ;  and ( 4 )  t h e  leading-edge vo r t ex  caused by t h e  spanwise j e t .  When a 
concen t r a t ed  spanwise j e t ,  near and paral le l  t o  the wing l ead ing  edge, is in t roduced  
on a moderately s w e p t  wing a t  inc idence ,  a leading-edge v o r t e x  is genera ted  and 
s t a b i l i z e d  as i n d i c a t e d  i n  r e fe rences  8 and 9. Assoc ia ted  wi th  the leading-edge 
vo r t ex  is a non l inea r  i n c r e a s e  i n  l i f t  above a t t a c h e d  or p o t e n t i a l  f low c o n d i t i o n s  
( r e f .  1 0 ) .  This  non l inea r  l i f t  i n c r e a s e  is appa ren t  on ly  f o r  the 4O0-sweep spanwise- 
blowing nozzle ( f i g s .  17 and 18) a t  CT = 2.0. 
l i f t  is no t  c l e a r l y  ev iden t ,  i n d i c a t i n g  l i t t l e  o r  no leading-edge vo r t ex  e f f e c t s .  A 
p robable  reason f o r  t h e  absence of t h e s e  e f f e c t s  is t h a t  a d i s c r e t e ,  concen t r a t ed  j e t  
flow (as i n v e s t i g a t e d  i n  r e f s .  8 and 9 )  is no t  produced by t h e  spanwise nozz les  of 
t h i s  i n v e s t i g a t i o n .  Although t h e  non l inea r  i n c r e a s e  is n o t  p r e s e n t  a t  each CT, t h e  
spanwise j e t  does i n c r e a s e  l i f t  and improve the drag  p o l a r  as 

f 
f 

A t  a l l  o t h e r  cond i t ions  t h i s  v o r t e x  

CT i n c r e a s e s .  

The flow v i s u a l i z a t i o n  photographs of m i n i t u f t s  (see f i g s .  30 and 31 f o r  main 
and 4O0-sweep spanwise-blowing nozz les  and f i g .  32 f o r  main and 6O0-sweep spanwise- 
blowing nozz les )  i n d i c a t e  l i t t l e  change i n  the  v i c i n i t y  of t h e  wing l ead ing  edge t o  
i n d i c a t e  a vo r t ex  flow as i n c r e a s e s  from j e t  o f f  (CT = 0 )  t o  j e t  on (c, > 0 ) .  
I f  a leading-edge vo r t ex  is p r e s e n t  because of t he  spanwise j e t ,  t he  t u f t s  around t h e  
wing l ead ing  edge are a l igned  i n  a spanwise d i r e c t i o n  b u t  no t  p a r a l l e l  t o  one 
another .  Fu r the r  a f t  of t h i s  area (behind the  v o r t e x )  , t he  t u f t s  a r e  a l igned  i n  a 
chordwise d i r e c t i o n  and approximately p a r a l l e l  t o  one ano the r ,  i n d i c a t i n g  an a t t ached  
flow cond i t ion  a f t  of t he  leading-edge vo r t ex .  In  both spanwise-blowing nozzle con- 
f i g u r a t i o n s  ( A s  = 40° and 60'1, the photographs do n o t  show such flows occur r ing  on 
t h e  wing as CT i n c r e a s e s .  

CT 
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Thrust-Induced Longi tudina l  Aerodynamic C h a r a c t e r i s t i c s  

Evaluat ion of thrust- induced l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  w a s  per- 
formed i n  a manner s i m i l a r  t o  t h a t  i n  r e fe rences  1 1 ,  1 2 ,  1 4 ,  and 15, i n  which the  
d i f f e r e n t  components of powered l i f t  w e r e  i s o l a t e d  from the  t o t a l  c o e f f i c i e n t  ( t h r u s t  
i nc luded)  and presented  as a func t ion  of CT. A t y p i c a l  component breakdown i s  shown 
i n  f i g u r e  20. A s  can be seen ,  t he  t o t a l  l i f t  c o e f f i c i e n t  can be broken down i n t o  

1 .  B a s i c  con f igu ra t ion  l i f t  - t he  l i f t  of t he  model with undef lec ted  f l a p s  and 
j e t  o f f  

2 .  F lap  lift - t h e  l i f t  due t o  a f l a p  d e f l e c t i o n  with j e t  off 

3 .  J e t  r e a c t i o n  l i f t  - t he  t h r u s t  component i n  the  l i f t  d i r e c t i o n  when the  j e t  
is d e f l e c t e d  o r  vectored 

4 .  Thrust-induced l i f t  - t h e  l i f t  due t o  a d d i t i o n a l  c i r c u l a t i o n  from a j e t - f l a p  
e f f e c t ,  reat tachment  of separa ted  flow ( B L C ) ,  and leading-edge vor tex  from 
spanwise blowing 

The thrust- induced l i f t  increment ACLlr can be f u r t h e r  broken down i n t o  
boundary-layer c o n t r o l  (BLC) and induced c i r c u l a t i o n  l i f t ,  as shown i n  f i g u r e  21 and 
as found i n  r e fe rences  1 1 ,  1 2 ,  and 14 t o  17 .  As noted, t he  demarcation between BLC 
and c i r c u l a t i o n  l i f t  can be def ined  as the  p o i n t  on t h e  induced l i f t  curve a t  which 
t h e  slope changes from s t e e p  t o  moderate ( t h e  “knee” of the  c u r v e ) .  A similar 
breakdown is p o s s i b l e  f o r  t h e  components of drag and p i t c h i n g  moment. 

The equat ions  d e f i n i n g  t h e  thrust- induced c o e f f i c i e n t  increments  are presented  
below, i n  which the  j e t - o f f  conf igu ra t ion  aerodynamic c h a r a c t e r i s t i c s  and the  d i r e c t  
t h r u s t  component are removed from the  je t -on  aerodynamic c h a r a c t e r i s t i c s :  

‘D C =O - I T  
‘D , TR 

AC = 
D , r  

‘m,TR ‘m C =O 
AC = 

m , r  - I T  

( I O )  

Main nozzle  alone.- The thrus t - induced  l o n g i t u d i n a l  aerodynamic increments  of 
t h e  t h r e e  main-nozzle-alone c o n f i g u r a t i o n s  are presented  i n  f i g u r e s  22 t o  24. I n  
t h e s e  t h r e e  c o n f i g u r a t i o n s  ( 6  = Oo, l S O ,  and 30°), t he  thrust- induced l i f t  c o e f f i -  
c i e n t  increment ACL,r l e v e l s  are no t  l a r g e  compared wi th  those  f o r  the combined 
main and spanwise-blowing nozz le  conf igu ra t ions .  (See f i g s .  25 t o  27.) A t  CT 1 .O, 
ACL,r < 0.3 f o r  a = 16O. The gene ra l  shape of t he  A5,r curves  is s i m i l a r  t o  the 
example of f i g u r e  21, and t h e  curves  show p r i m a r i l y  BLC r a t h e r  than induced c i r c u l a -  
t i o n  l i f t .  It is i n t e r e s t i n g  t h a t  a t  t h e  smallest t r a i l i n g - e d g e  d e f l e c t i o n  
( 6 f  = O O ) ,  t h e  
d e f l e c t e d .  This  is a t t r i b u t e d  to  a v iscous  en t ra inment  e f f e c t ,  which is appa ren t ly  
reduced as t r a i l i n g - e d g e  d e f l e c t i o n  inc reases .  The induced l i f t  increments  (when 

6 = Oo) become l a r g e r  as ang le  of a t t a c k  is inc reased ,  which may be because of 
i nc reased  f low s e p a r a t i o n  on the  wing which can be r e a t t a c h e d  by the  main nozzle  

f 

curves  i n d i c a t e  more c i r c u l a t i o n  l i f t  than  when t h e  f l a p  is  

f 
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ent ra inment  e f f e c t .  Since t h i s  en t ra inment  e f f e c t  is reduced as t r a i l i ng -edge  de f l ec -  
t i o n  i n c r e a s e s ,  t h e  e f f e c t  of i n c r e a s i n g  angle  of a t t a c k  is reduced. 

I n  f i g u r e s  22 to  23, t h e  pitching-moment and d rag  c o e f f i c i e n t  increments  f o r  t he  
t h r e e  c o n f i g u r a t i o n s  show similar t r e n d s  as those  r epor t ed  i n  r e f e r e n c e s  15 and 16. 
The thrust- induced pitching-moment c o e f f i c i e n t  increments  i n d i c a t e  a nose-down inc re -  
ment because of r e l a t i v e l y  a f t  loading  on t h e  wing. The thrus t - induced  drag  c o e f f i -  
c i e n t  increments  are approximately equal  to  the  increment i n  thrust- induced drag  
expected f o r  an i n c r e a s e  i n  CL. A t  low t h r u s t  c o e f f i c i e n t s ,  t he  va lues  of AC 
are negat ive  because t h e  f low on the wing behind t h e  main nozzle  is sepa ra t ed  and t h e  
base area behind t h e  nozz le  has  a low p r e s s u r e  a t  CT = 0. A t  CT > 0 ( j e t  o n ) ,  t h e  
f l o w  on t h e  wing is rea t t ached  and the base area is occupied by t h e  main nozzle  
exhaus t ,  caus ing  a dec rease  i n  The flow s e p a r a t i o n  and rea t tachment  is shown 
i n  f i g u r e  28  by the  change i n  t u f t  p o s i t i o n  a f t  of t h e  main nozzle  as t h r u s t  is 
inc reased  from j e t  o f f  t o  j e t  on. 

D , r  

ACD, . .  

AS a measure of the magnitude of t he  thrust- induced e f f e c t s  on the  VEO-wing 
conf igu ra t ion ,  t he  fo l lowing  method is used. F i r s t ,  t y p i c a l  va lues  of approach g l i d e  
s l o p e  angle  and angle  of a t t a c k  f o r  STOL ope ra t ions  are chosen. Next, t he  t o t a l  
aerodynamic l i f  t -drag p o l a r  and thrust- induced l i f t  curves  are used t o  determine t h e  
landing  t h r u s t  c o e f f i c i e n t  and ACL,r. 
of a t t a c k  f o r  STOL ope ra t ions  are -6O and 16O f o r  t h i s  conf igu ra t ion .  The g l i d e  
slope angle  is def ined  as 

Typica l  va lues  of g l i d e  s lope  angle  and angle  

(11  1 -1 
y = - t a n  (cD/CL)  

With t h e  va lues  of angle  of a t t a c k ,  g l i d e  s lope  angle ,  and C,,/CL, t h e  t h r u s t  c o e f f i -  
c i e n t  can be determined from the  t o t a l  l i f t - d r a g  p o l a r s .  Once t h e  CT is known, t h e  
thrust- induced l i f t  increment can be determined from t h e  p l o t s  i n  f i g u r e s  22 t o  27. 
From t h i s  a n a l y s i s ,  t he  t h r u s t  c o e f f i c i e n t  f o r  t he  main-nozzle-alone c o n f i g u r a t i o n  
wi th  6 f  = 30° is  about  0.4 and the  corresponding ACL,r  i s  0.25 ( f i g .  241, which 
is  about  11 pe rcen t  of the  t o t a l  l i f t  c o e f f i c i e n t  of 2.25. 

Main and spanwise-blowing nozzles.- The thrust- induced l o n g i t u d i n a l  increments  
f o r  t h e  t h r e e  spanwise-blowing c o n f i g u r a t i o n s  are presented  i n  f i g u r e s  25 t o  27. The 
gene ra l  shape of t h e  thrust- induced l i f t  increment i n d i c a t e s  c o n t r i b u t i o n  from both  
BLC and c i r c u l a t i o n  l i f t .  The va lues  of ACL,. f o r  main and spanwise-blowing nozz le  
conf igu ra t ions  are h igher  than f o r  t h e  main-nozzle-alone conf igu ra t ions  because the  
spanwise j e t  a f f e c t s  a l a r g e r  p o r t i o n  of t he  wing. A s  i n  t he  main-nozzle-alone con- 
f i g u r a t i o n ,  t he  e f f e c t  of i n c r e a s i n g  angle  of a t t a c k  i s  decreased  when 
because of t he  reduced en t ra inment  e f f e c t s .  The two d i f f e r e n t  spanwise-blowing noz- 
z l e  sweep ang le s  had d i f f e r e n t  e f f e c t s  on t h e  wing. The 4O0-sweep spanwise-blowing 
nozz le  a f f e c t e d  a l a r g e r  p o r t i o n  of t he  wing, whereas the  6O0-sweep nozzle  only  
a f f e c t e d  p o r t i o n s  of t h e  inboard wing and the  t r a i l i n g - e d g e  f l a p s .  The e f f e c t  of t h e  
spanwise-blowing nozzles  is shown i n  the f low v i s u a l i z a t i o n  photographs i n  f i g u r e s  30 
t o  32. F igures  30 and 31 show the  area a f f e c t e d  by t h e  4O0-sweep spanwise jet .  The 
a f f e c t e d  area is shown by the  m i n i t u f t  remnants, s i n c e  t h e  m i n i t u f t s  f a t i g u e d  because 
of t h e  high-speed spanwise j e t  flow. I n  f i g u r e  32, t he  area a f f e c t e d  by the  60°- 
sweep spanwise j e t  can be shown by the  m i n i t u f t s  on t h e  outboard t r a i l i ng -edge  f l a p  
( n e a r  t h e  main nozz le ) .  A t  CT = 0, t h e  m i n i t u f t s  i n d i c a t e  a spanwise flow; when 
C > 0, t he  m i n i t u f t s  i n d i c a t e  a r e l a t i v e l y  chordwise flow. The a f f e c t e d  area is  
much less than f o r  t h e  4O0-sweep spanwise j e t .  Also i n  f i g u r e s  30 t o  32, t h e  area 
behind the  nozzle  shows sepa ra t ed  flow a t  

6f > Oo 

T 

CT = 0; t h e  f low r e a t t a c h e s  a t  CT > 0,  as 
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prev ious ly  mentioned f o r  t h e  main-nozzle-alone conf igu ra t ions .  I n  t h e  flow v i s u a l i -  
z a t i o n  photographs of t he  main and spanwise-blowing nozzle  conf igu ra t ions ,  two sepa- 
rate blowing e f f e c t s  are p r e s e n t ,  one mainly due t o  t h e  main nozzle  and the  o t h e r  
t o t a l l y  due to  t h e  spanwise-blowing nozzle .  The e f f e c t s  are summarized i n  f i g u r e  33. 
They are also p r e s e n t  i n  the thrust- induced-increment  da t a .  I n  f i g u r e s  25 and 26, 
t h e  g e n e r a l  t r end  e x h i b i t s  "double knees"; one knee is due t o  t h e  main nozzle  j e t  
a t t a c h i n g  t h e  inboard t r a i l i ng -edge  f l a p  and t h e  spanwise j e t  not  p e n e t r a t i n g  t h e  
flow enough t o  a f f e c t  t h e  wing a t  low t h r u s t  c o e f f i c i e n t s ,  and t h e  second knee i s  
t o t a l l y  due to the spanwise nozzle  a f f e c t i n g  the outboard wing a t  h igher  t h r u s t  coef- 
f i c i e n t s .  This  double  knee is m o r e  apparent  wi th  6 = 30° than with 6 = Oo, 
because of t h e  en t ra inment  e f f e c t  a t  f f 6 f  = o o .  

TO determine t h e  e f f e c t  of t he  main and spanwise-blowing nozzles  on t h e  landing  
conf igu ra t ion  l i f t ,  t h e  same method p rev ious ly  d i scussed  f o r  t h e  main-nozzle-alone 
c o n f i g u r a t i o n  is used. For the main and 4O0-sweep spanwise-blowing nozzles  with 
6 f  = 30°, t h e  CT is about  0.5, which corresponds t o  a thrust- induced l i f t  increment  
of 0.47; t h i s  is 18.5 p e r c e n t  of t he  t o t a l  l i f t  c o e f f i c i e n t  of 2.54. The t h r u s t -  
induced increment  f o r  t h e  main and 6O0-sweep spanwise-blowing nozzles  with 
has  a smaller va lue  of 0.33 a t  CT 0.5, which is 13.6 p e r c e n t  of CL = 2.45. The 

CT f o r  the landing  conf igu ra t ion  f o r  a l l  t h r e e  VEO-wing conf igu ra t ions  a t  
i s  about  0.5. 

6f  = 30° 

6f  = 30° 

CONCLUSIONS 

An i n v e s t i g a t i o n  of t he  thrust- induced e f f e c t s  on t h e  l o n g i t u d i n a l  aerodynamic 
c h a r a c t e r i s t i c s  of t he  vectored-engine-over-wing (VEO-wing) conf igu ra t ion  w a s  con- 
ducted i n  the  Langley 4- by 7-Meter Tunnel. The VEO-wing w a s  t e s t e d  a t  Mach numbers 
ranging  from 0.14 to  0.17 over  an angle-of-at tack range from - 2 O  t o  26O. The wing 
t r a i l i n g  edge w a s  d e f l e c t e d  from Oo t o  30°. The o v e r a l l  t h r u s t  c o e f f i c i e n t s ,  main 
and spanwise-blowing nozz les  combined, w e r e  va r i ed  from 0 t o  2.0. The r e s u l t s  of 
t h i s  i n v e s t i g a t i o n  i n d i c a t e  t h e  fol lowing:  

1 .  With the main nozzle  a lone ,  t he  ma jo r i ty  of t h e  thrust- induced e f f e c t s  w e r e  
t h e  r e s u l t  of boundary-layer c o n t r o l  more than induced c i r c u l a t i o n  l i f t ;  t he  on ly  
area a f f e c t e d  w a s  near  t h e  rear of t he  nozzle ,  except  f o r  t h e  undef lec ted  t r a i l i n g -  
edge f l a p  conf igu ra t ion .  

2. I n  both  40°- and 6O0-sweep spanwise-blowing nozz le  conf igu ra t ions ,  t h e  
leading-edge vo r t ex  e f f e c t s  w e r e  g e n e r a l l y  no t  ev iden t ,  b u t  t he  spanwise j e t  d i d  
i n c r e a s e  the  l i f t  and improve t h e  drag  polar as t h r u s t  c o e f f i c i e n t  increased .  

3. The e f f e c t  of i n c r e a s i n g  angle  of a t t a c k  on induced l i f t  decreased when t h e  
t r a i l i n g  edge w a s  d e f l e c t e d  because of t he  reduced en t ra inment  e f f e c t s  i n  both the 
main-nozzle-alone and t h e  main and spanwise-blowing nozz le  conf igu ra t ions .  

4. I n  t h e  main and spanwise-blowing nozzle  c o n f i g u r a t i o n s ,  t he  thrust- induced 
l i f t  increments  w e r e  ob ta ined  from two e f f e c t s .  The f i r s t  w a s  from t h e  main nozz le  
j e t  a t t a c h i n g  t h e  f low over  t h e  inboard f l a p ,  and t h e  second w a s  from t h e  spanwise 
nozzle  j e t  a f f e c t i n g  t h e  outboard p o r t i o n  of t h e  wing. 

5. The thrus t - induced  increments  w e r e  l a r g e r  for t h e  spanwise-blowing angle  of 
40° than f o r  t h e  60° ang le ,  s i n c e  t h e  4O0-sweep spanwise nozzle  j e t  a f f e c t e d  more of 
the wing. Both spanwise c o n f i g u r a t i o n s  exh ib i t ed  boundary-layer c o n t r o l  and induced 
c i r c u l a t i o n  l i f t .  
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6. The VEO-wing landing c o n f i g u r a t i o n  with t h e  h i g h e s t  value of thrust- induced 
l i f t  increment w a s  t h e  main and 4O0-sweep spanwise-blowing nozz les  wi th  30° t r a i l i n g -  
edge f l a p  d e f l e c t i o n .  The thrust- induced l i f t  increment value of t h i s  c o n f i g u r a t i o n  
w a s  18.5 p e r c e n t  of t h e  t o t a l  l i f t  c o e f f i c i e n t  of 2.54. 

Langley Research Center  
N a t i o n a l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
November 8, 1983 
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SYMBOLS 

A l l  d a t a  are reduced t o  c o e f f i c i e n t  form and are presented  i n  the  s t a b i l i t y  a x i s  
system. The u n i t s  i n  this r e p o r t  are the U.S. Customary Uni t s .  Also, t he  measure- 
ments and c a l c u l a t i o n s  w e r e  made i n  U.S.  Customary Uni t s .  The model moment c e n t e r  
w a s  l oca t ed  a t  25 pe rcen t  of t he  wing mean aerodynamic chord. 

Ae 
2 main nozzle  e x i t  area, i n  

7 AS 

A t  
b 

‘L , TR 

‘m 

‘m , TR 

FA 

FN 

he 

ht 

NPR 

P t , t  

P t , s  

PW 

q 

2 spanwise nozzle  t h r o a t  area, i n  

main nozzle  t h r o a t  area, i n  2 

d rag  c o e f f i c i e n t ,  Drag/qS 

thrust-removed drag  c o e f f i c i e n t ,  C + C c o s ( a  + 8 . )  

th rus t - induced  d rag  c o e f f i c i e n t  increment ,  

l i f t  c o e f f i c i e n t ,  L i f t / q S  

thrust-removed l i f t  c o e f f i c i e n t ,  

th rus t - induced  l i f t  c o e f f i c i e n t  increment,  

pitching-moment c o e f f i c i e n t ,  P i t c h i n g  moment/qSc 

D T I 

CD,m - CD~cT=o 

- c s i n ( a  + 8 . )  
‘L T 3 

CL,TR - CL/cT=o 

thrust-removed pitching-moment c o e f f i c i e n t ,  

j cm + (x/C)cT s i n  8 + (z /C)cT cos  8 j 

th rus t - induced  pitching-moment c o e f f i c i e n t  increment ,  

g ros s  t h r u s t  c o e f f i c i e n t ,  T pw/qS 

mean aerodynamic chord, 12.303 i n .  

C m I m  - Cm~cT=o 

P 

a x i a l  f o r c e ,  l b f  

normal f o r c e ,  lbf 

main nozzle  e x i t  h e i g h t ,  i n .  ( f i g .  4 )  

main nozz le  t h r o a t  h e i g h t ,  i n .  ( f i g .  4 )  

area-weighted o v e r a l l  nozzle  p re s su re  r a t i o ,  
NPR = ( ~ ~ , ~ / p ~ )  [At/(As + At)] + ( p  /pw) [As / (As  + At)] t, s 

main nozzle  t o t a l  p re s su re ,  l b f / f t 2  

spanwise nozzle  t o t a l  p re s su re ,  a f / f t 2  

tunne l  s t a t i c  p res su re ,  l b f / f t 2  

dynamic p res su re ,  Ibf /f  t2 
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_. .... .. . 

S wing r e fe rence  area, 3.5 f t 2  

\IFN’ + FA 2 , Ibf T s t a t i c  t h r u s t  f o r c e ,  

T s ta t ic  t h r u s t  d iv ided  by s t a t i c  p res su re ,  T/p= 
P 

X l o n g i t u d i n a l  d i s t a n c e  from t h r u s t  vec to r  t o  moment r e fe rence ,  i n .  

Z v e r t i c a l  d i s t a n c e  from t h r u s t  vec to r  t o  moment r e fe rence ,  i n .  

U angle  of a t t a c k ,  deg 

Y g l i d e  s lope  angle ,  - tan” (C,/C,) , deg I‘ 

& f  
wing t r a i l i ng -edge  d e f l e c t i o n  (bo th  inboard and outboard f l a p  and p o s i t i v e  

t r a i l i ng -edge  down), deg 

-1 8 j e t  d e f l e c t i o n  ang le ,  - t an  (FN/FA) , deg 
j 

nozzle  ramp angle ,  deg 

spanwise-blowing angle ,  deg 
S 

A 

Abbreviat ions:  

BL b u t t  l i n e ,  i n .  

BLC boundary-layer c o n t r o l  

FS fuse l age  s t a t i o n ,  i n .  

WCP wing chord p lane ,  WL = -1 .388 i n .  

WL water l i n e ,  i n .  
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TABLE I . . GENERAL MODEL GEOMETRIC CHARACTERISTICS 

wing: 
wing area. f t 2  ....................................................... 3.5 
A s p e c t  r a t io  ........................................................ 3.75 
wing span. i n  ..................................................... 43.474 
Leading-edge sweepback. deg ........................................... 40 
Taper ratio .......................................................... 0.4 
Root chord. i n  .................................................... 16.565 
Tip  chord. i n  ....................................................... 6.625 
Mean aerodynamic chord. i n  ........................................ 12.303 

Longi tudina l  leading-edge l o c a t i o n  ( fuse l age  s t a t i o n ) .  i n  ....... 44.547 
Lateral loca t ion .  i n  ............................................. 9.315 

Canard : 
Panel  area. ft2 ...................................................... 704 
Aspect r a t i o  ......................................................... 2.1 
Semispan. i n  ........................................................ 7.30 
Leading-edge sweep. deg ............................................... 55 
Trailing-edge s w e e p .  deg ........................................... 18.28 
Taper ra t io  ........................................................ 0.268 
Root chord. i n  .................................................... 10.952 
T i p  chord. i n  ...................................................... 2.939 
Mean aerodynamic chord. i n  ......................................... 7.716 

Location of quarter-chord: 
BL. i n  .............................................................. 9.95 
FS. i n  ............................................................. 37.79 

A i r f o i l  s ec t ion .  percent  ...................................... 4 (biconvex) 

Body : 
Length. i n  ......................................................... 70.00 
Maximum c ross - sec t iona l  area (6.25-in. d i a m ) .  i n  .................. 30.68 
Fineness r a t i o  ..................................................... 11.20 

2 

Nacelle : 
Length. i n  .......................................................... 25.4 

Height. i n  ........................................................... 3.2 
Width. i n  ............................................................ 3.9 

15 



. . .  
L- 79- 1 8 3 0 

Figure 1.- Rear view of vectored-engine-over-wing model i n s t a l l e d  i n  the  Langley 
4- by 7-Meter Tunnel. 
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Figure 2.- Sketch of vectored-engine-over-wing model. Dimensions are i n  inches  
unless  otherwise noted. 



L-79-1 833 

Figure 3.- Three-quarter rear view of the chordwise main nozzle and spanwise-blowing 
nozzle o f  the VEO-wing model. 
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- - -  1 

Ae' h t ,  he, 
2 i n .  i n .  
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F i g u r e  4 . -  Nozzle geometries of t h e  VEO-wing model. Dimensions are  i n  inches unless  
otherwise noted. 

FS 48.15 

F i g u r e  5.-  Spanwise nozz le  geometries of t h e  VEO-wing. Dimensions are  i n  inches 
unless otherwise noted. 
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L-83-116 

Figure 6.- Mini tuf t  l o c a t i o n  on VEO-wing model, 
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(a) Main nozzle alone; 6f = 150. 

Figure 7.- Thrust characteristics as a function of nozzle pressure ratio. 
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Figure 7 .- Concluded. 
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Figure 8 .- Powered ( t o t a l )  l ong i tud ina l  aerodynamic c h a r a c t e r i s t i c s  f o r  .main nozzle 
alone with 6 = O o  a t  various t h r u s t  c o e f f i c i e n t s .  
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Figure  9.- Powered ( t o t a l )  l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  f o r  main nozzle  
a lone  with 6 = 1 5 O  a t  var ious  t h r u s t  c o e f f i c i e n t s .  
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Figure 10.- Powered ( t o t a l )  l ong i tud ina l  aerodynamic c h a r a c t e r i s t i c s  f o r  main nozzle 
a lone  with 6 = 300 a t  var ious  t h r u s t  coe f f i c i en t s .  
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Figure 12.- Powered ( t o t a l )  longitudinal aerodynamic characterist ics  for  main 
and 400-sweep spanwise-blowing nozzles with 
coe f f i c i ent s .  

6 € = 30" a t  various thrust 
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F i g u r e  13.- Powered ( t o t a l )  longitudinal aerodynamic character is t ics  for main 
and 6O0-sweep spanwise-blowing nozzles  with 6 = 30° a t  various thrust  
c o e f f i c i e n t s .  f 
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Figure 14.- Thrust-removed longitudinal aerodynamic characteristics for main nozzle 
alone with 6 = 00 at various thrust coefficients. f 
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Figure 15.- Thrust-removed longitudinal aerodynamic characteristics for main nozzle 
alone with 6 = 150 at various thrust coefficients. 
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Figure  16.- Thrust-removed long i tud ina l  aerodynamic c h a r a c t e r i s t i c s  f o r  main nozzle 
a lone  with 6 = 30° a t  var ious  t h r u s t  c o e f f i c i e n t s .  
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Figure 17.- Thrust-removed longitudinal aerodynamic characteristics for main 
and 400-sweep spanwise-blowing nozzles with 6 = Oo at various thrust 
coefficients. f 
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Figure 18.- Thrust-removed long i tud ina l  aerodynamic characteristics f o r  main 
and 40O-sweep spanwise-blowing nozz les  with 6 = 30° a t  var ious  t h r u s t  
c o e f f i c i e n t s .  f 
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Figure 19.- Thrust-removed longitudinal aerodynamic characteristics for main 
and 6O0-sweep spanwise-blowing nozzles with 
coefficients. 

hf = 30° at various t h r u s t  
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Figure 20.- Components of powered lift a t  a cons tan t  angle  of attack. 
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Figure 21.- Components of thrust-induced l i f t  f o r  01 > 00. 
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Figure 22.- Thrust-induced l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  f o r  main nozz le  
a lone  wi th  6 = 00 a t  va r ious  a n g l e s  of a t t a c k .  
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Figure 23.- Thrust-induced longitudinal aerodynamic characteristics for the main 
nozzle alone with = 1 5 O  at various angles of attack. 
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Figure 25 .- Thrust-induced longitudinal aerodynamic characteristics for main 
and 4O0-sweep spanwise-blowing nozzles with 
of attack. 
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Figure 26.- Thrust-induced longitudinal aerodynamic characteristics for main 
and 4O0-sweep spanwise-blowing nozzles with 6 = 30° at various angles 
of attack. f 

41 



.I0 .05 r r 
I 

c1, deg 

0 8  

16 

0 2 4  
- m,r 0 AC 

-.05 

- . l o  

-4 . 2  t 
.5 1.0 

-.l 

1.0 r 

I 
2.5 

Figure 27.- Thrust-induced longitudinal aerodynamic characteristics for main 
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(b) CT = 0.2. 
L-83-117 

F igure  28.- M i n i t u f t  f low v i s u a l i z a t i o n  of main nozz le  a lone  f o r  VEO-wing 
c o n f i g u r a t i o n  with 6 = Oo and a = 160. 

f 
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(c) CT = 0.9. 

( d )  CT = 1.5. 

Figure 28.- Concluded. 

L-83-118 
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( a )  CT = 0. 

(b) CT = 0.2. 

Figure  29.- M i n i t u f t  f low v i s u a l i z a t i o n  of main nozzle  
c o n f i g u r a t i o n  with 6 = 30° and a = 

f 

L-83-119 
a lone  f o r  VEO-wing 
160. 
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(c) % = 0.9. 

(d)  CT = 1.5. -83-120 

Figure 29. - Concluded. 
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(b) cT = 0.2. 
6 8 3 - 1 2 1  

Figure  30.- M i n i t u f t  f low v i s u a l i z a t i o n  of main and 400-sweep spanwise-blowing 
nozz le s  f o r  VEO-wing c o n f i g u r a t i o n  wi th  6 = Oo and a = 16O. 

f 
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(c) CT = 0.9. 

(d)  CT = 1.5. 

F i g u r e  30. - Concluded. 

p83-122 
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(b) CT = 0.2.  
683-123 

Figure 31. - Minituft  f l o w  v i s u a l i z a t i o n  of main and 400-sweep spanwise-blowing 
nozz les  for VEO-wing configuration with 6 = 30° and a = 16O. 
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( c )  % = 0.9. 

( d )  CT = 1-50 

F i g u r e  31. - Concluded. 
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( a )  cT = 0. 

( b )  % = 0.2. 
L- 83- 1 25 

Figure 32.- M i n i t u f t  f low v i s u a l i z a t i o n  of  main and 600-sweep spanwise-blowing 
nozz le s  f o r  VEO-wing c o n f i g u r a t i o n  wi th  6 = 30° and a = 160. 
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(c) CT = 0.9. 

(d)  CT = 1-50 

Figure 32. - Concluded. 
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(a) 5 = 0. 

(b) CT = 0 . 2 .  
683-123 

Figure 31. - Minituft  f l a w  v i s u a l i z a t i o n  of main and 4O0-sweep spanwise-blowing 
nozz les  f o r  VEO-wing configuration with 6 = 30° and a = 16O. 
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(c )  CT = 0.9. 

( d )  CT = 1.5. 

F i g u r e  3 1. - Concluded. 
>83-124 
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( a )  cT = 0. 

( b )  '+ = 0.2. 
L- 83- 125 

Figure 32.- Min i tu f t  f low v i s u a l i z a t i o n  of main and 6O0-sweep spanwise-blowing 
nozz le s  f o r  VEO-wing c o n f i g u r a t i o n  wi th  6 = 300 and a = 160. 
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( c )  CT = 0.9. 

(d)  CT = 1-50 

F i g u r e  32. - Concluded. 
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Main and 40°-sweep spanwi se-bl  owi ng nozz l  es 
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- Exhaust f l o w  

Main and 60°-sweep spanwi se-b l  owi ng nozz les  

Figure 33. -  E f f e c t s  of nozzle  exhaust on t h e  VEO-wing configurat ion.  
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